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Evaluation of the Delamination in a Flip Chip Using
Anisotropic Conductive Adhesive Films Under
Moisture/Reflow Sensitivity Test
Toru Ikeda, Won-Keun Kim, and Noriyuki Miyazaki
Abstract—Anisotropic conductive adhesive films (ACFs) have
been used for electronic assemblies such as the connection between
a liquid crystal display panel and a flexible printed circuit board.
ACF interconnection is expected to be a key technology for flip
chip packaging, system-in-packaging, and chip size packaging.
This paper presents a methodology for quantitative evaluation of
the delamination in a flip chip interconnected by an ACF under
moisture/reflow sensitivity tests. Moisture concentration after
moisture absorption was obtained by the finite element method.
Then, the vapor pressure in the flip chip during solder reflow
process was estimated. Finally the delamination was predicted by
comparing the stress intensity factor of an interface crack due to
vapor pressure with the delamination toughness. It is found that
the delamination is well predicted by the present methodology.
Index Terms—Anisotropic conductive adhesive films (ACFs), de-
lamination toughness, flip chip, moisture/reflow sensitivity test, re-
liability, stress intensity factor.
I. INTRODUCTION
AN anisotropic conductive adhesive film (ACF) is an adhe-sive containing conductive particles that supply electrical
interconnections. Most of the current products are thermoset
plastics. The ACF has been used for electronic assemblies such
as the connection between a liquid crystal display (LCD) panel
and a flexible printed circuit board (PCB) [1], [2]. Compared
with traditional solder interconnection technology, the ACF in-
terconnections have several advantages such as fine pitch, flex-
ibility, low temperature processing, etc. The ACF interconnec-
tion is expected to be a key technology for flip chip packaging,
system-in-packaging, and chip size packaging (CSP) [3]–[8].
Flip chip packages interconnected by the ACF are often used,
together with surface mount devices (SMDs). In such a case,
solder interconnections are utilized for the SMDs, so the ACFs
in the flip chip packages are subjected to temperatures ranging
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from 240 C to 245 C during the solder reflow process. In addi-
tion to an increase in electric resistance, electric disconnection
is also sometimes observed in the flip chip packages using the
ACF interconnections during the solder reflow process [9], [10].
Such phenomena are caused by the delamination initiated from
the interface between a chip and the ACF or a substrate and the
ACF. It is therefore important to ensure the mechanical relia-
bility of the ACF interconnections when they are used for flip
chip packages instead of solder interconnections.
In the present paper, a methodology for evaluating the
delamination of the ACF interconnection is proposed. Many
researchers have previously studied to predict crack occur-
rence from a corner of jointed components in plastic packages
[11]–[14]. In these studies, fracture mechanics were applied to
the failure of plastic packages. As in these studies, we applied
the fracture mechanics for an interface crack to the delamina-
tion of the ACF interconnection. The delamination tests are
performed on joints composed of the ACF and the constituent
materials of a flip chip. Then the delamination strengths are
evaluated using the stress intensity factors of an interface
crack between jointed dissimilar materials. The moisture con-
centration in the flip chip after a moisture absorption test is
analyzed by the finite element method, and the vapor pressure
caused by the solder reflow process was estimated. Finally the
delamination in the flip chip during the solder reflow process
was predicted by comparing the delamination strength with the
stress intensity factors caused by vapor pressure.
II. ESTIMATION OF DELAMINATION STRENGTH
A. Delamination Tests
Delamination tests were performed on opening delamination
specimens, lap joint specimens, and three-point bending spec-
imens, as shown in Fig. 1. The initial delamination was intro-
duced by a painting release agent on the surface of a silicon
chip, on the surface of a substrate, or on the surface of an alu-
minum plate. Since the silicon chip is very brittle, the chip was
reinforced by pasting a substrate (a lap joint specimen and a
three-point bending specimen) or a support plate (an opening
delamination test specimen) using epoxy adhesive resin to pre-
vent its failure due to bending force. Delamination tests were
performed at five different temperatures, 25 C, 60 C, 95 C,
120 C , and 240 C, and at the test speed of 1 mm/min. The
opening test was performed using a special apparatus as shown
in Fig. 2. In this figure, the support plate has two roles, as a rein-
forced plate and as the location where the specimen is attached
1521-3331/$20.00 © 2006 IEEE
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Fig. 1. Schematic of delamination test specimens. (a) Opening delamination
specimen. (b) Lap joint specimen. (c) Three-point bending specimen.
to the testing machine. The lap joint test and the three-point
bending tests were carried out using an Instron-type testing ma-
chine (Shimazu Autograph 5000E). In most cases, the load-dis-
placement curve was straight. We obtained the delamination
toughness as the maximum load. The delamination loads ob-
tained from the tests were converted into the stress intensity fac-
tors of an interface crack between dissimilar materials, then used
to represent the delamination toughness.
B. Stress Intensity Factors of an Interface Crack Between
Dissimilar Materials
The delamination load obtained by the delamination test
cannot be used as a measure for delamination strength, because
Fig. 2. Schematic of the opening delamination test apparatus.
Fig. 3. Coordinate system around an interface crack tip.
it depends on the size and shape of the specimen. Thus, we used
the stress intensity factors of an interface crack between dis-
similar materials at the onset of delamination as delamination
strength.
If a coordinate system around an interface crack is defined as
shown in Fig. 3, the asymptotic solution of the stress compo-
nents along the -axis in the vicinity of an interface crack tip is
expressed as [15]
(1)
where and represent the stress intensity factors of the in-
terface crack for Mode I and Mode II deformations, respectively,
is a characteristic length, which can be taken as an arbitrary




where and are the shear moduli and Poisson’s
ratios for materials 1 and 2, respectively. The characteristic
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length should be fixed at a certain value. Although Rice [16]
recommended that should be taken as the size of a fracture
process zone, it is difficult to determine this size. In our pre-
vious study [17], we used 10 m for convenience. When
the value of is changed to , and are transformed
into and , as shown in [17]
(4)
(5)
We need to consider the sign of for the interface crack be-
cause the deformation mode of the interface crack between dis-
similar materials depends on the direction of shear stress around
the crack tip. When the interface crack is located on the left side,
and material indices 1 and 2 belong to 0 and 0, respec-
tively, as shown in Fig. 3, we accept the sign of in the case
of 0, but use the reverse sign of in the case of 0.
The total stress intensity factor is defined as follows in
order to take account of the effect of Mode I and Mode II simul-
taneously
(6)




It is determined from (6) and (7) that the total stress intensity
factor is related to the square root of the energy release
rate .
In our previous study [19], we evaluated the mixed mode frac-
ture toughness of interfaces between the ACF and a Si chip/
substrate using mixed mode stress intensity factors between dis-
similar materials. In this study, the targets of evaluation were in-
terface cracks induced only by vapor pressure. It resulted in the
fracture mode of cracks which were close to mode I. Therefore,
will be used instead of and to simplify the evalua-
tion. Fortunately, is independent of the size of , and the
size of does not need to be considered in this study.
C. Estimation of Delamination Toughness
Three types of ACFs, ACF (A), ACF(B), and ACF(C), were
used in the present study. The material properties are summa-
rized in Table I. Table II shows the variation of Young’s moduli
with the test temperatures. In these properties, Young’s moduli
and the glass transition temperatures of ACFs were measured
using a dynamic mechanical analyzer (DMA). Poisson’s ratios
of ACFs were substituted for by a common value of resin. All
properties of the substrate were given by the supplier. The prop-
erties of the Si chip were the values of {111} faces obtained
from the anisotropic stiffness [20]. The properties of Al were
measured using an Instron-type testing machine (Shimazu Au-
tograph 5000E). All the ACFs contained nickel particles
of 3 m in diameter as conductive particles, and the ACF(C)
TABLE I
MATERIAL PROPERTIES AT ROOM TEMPERATURE
TABLE II
VARIATION OF YOUNG’S MODULI (GPA) WITH TEST TEMPERATURE
had two layers, the chip-side layer and the substrate-side layer
as shown in Table I. The thicknesses of the two layers were al-
most the same, and both of them included the same Ni particles.
As a measure of delamination strength, delamination tough-
ness expressed by the stress intensity factors was calculated
from the load at the onset of delamination, using the modi-
fied virtual crack extension method in conjunction with the
two-dimensional thermoelastic finite-element method (FEM)
[21]–[23]. This program was developed in our previous study
[21], and it can provide the accurate stress intensity factors for
an interface crack between dissimilar materials.
The effect of the residual stress was considered when deter-
mining the delamination toughness, using the stress-free tem-
perature [19]. The stress-free temperature was determined using
the curvature of the bimetal specimen as shown in Fig. 4. Usu-
ally, the first heating and first cooling show different curves for
the curvature of the bimetal specimen. However, the first cooling
and later cycles were almost identical in this case. We deter-
mined the stress-free temperature when the curvature of
the bimetal specimen shows 0 during the first cooling cycle.
Effective experimental delamination loads were not obtained
for the lap joint specimens and the three-point bending speci-
mens of the ACF(A) at room temperature, for all types of test
specimens of the ACF(B) at room temperature, or for the lap
joint specimens of the ACF(C) at room temperature, because
no crack propagated along an interface between dissimilar ma-
terials, but rather propagated into the Si chip or the substrate.
Only the opening delamination tests were performed for the Al
pattern-ACF-substrate joints.
In the present study, we employed the total stress intensity
factor, defined by (6), calculated from the maximum load of the
delamination test. In all cases, the maximum load corresponded
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Fig. 4. Curvature of a bimetal specimen and the definition of stress free
temperature T (Case of Adhesive A).
Fig. 5. Variation of delamination fracture toughness (the total stress intensity
factor at the onset of delamination) with temperature (Si chip side: crack
between the Si chip and ACF; Sub. side: crack between substrate and ACF; Al
side: crack between Al and ACF). (a) ACF(A). (b) ACF(B). (c) ACF(C).
with the load at the onset of delamination. The calculation from
the maximum load to the total stress intensity factors was car-
ried out using the virtual crack extension method in conjunc-
tion with the FEM, which was developed in our previous study
[21]. The variations of the delamination toughness with temper-
ature are shown in Fig. 5. The values of the delamination tough-
ness at 240 C obtained from the opening delamination tests are
TABLE III
DELAMINATION TOUGHNESS OF OPENING DELAMINATION TEST AT 240 C
Fig. 6. Schematic of test flip chip for a conductive test.
shown in Table III. The delamination toughness decreased re-
markably with the increase in temperature in all specimens. At
240 C, ACF(A) and ACF(B) have the lowest delamination at
the interface between the Al pattern and the ACF, while ACF(C)
had its lowest delamination at the interface between the sub-
strate and the ACF. These facts mean that the weakest part in
the flip chip at the solder reflow temperature was the interface
between the Al pattern and the ACF when ACF(A) and ACF(B)
were used, and was the interface between the substrate and the
ACF when ACF(C) was used. The delamination toughness of
ACF(C) strongly depended on the side on which the initial de-
lamination was introduced, because ACF(C) is composed of two
layers with different Young’s moduli and different coefficients
of linear expansion.
III. MOISTURE/REFLOW SENSITIVITY TEST
FOR FLIP CHIP USING THE ACF
Electrical conduction tests were carried out to estimate the
failure of a test flip chip using ACF shown in Fig. 6 during the
solder reflow process after moisture absorption, which is called
the moisture/reflow sensitivity test hereafter. The failure of the
test flip chip was detected by measuring the electric resistance
of a daisy-chain circuit connecting all the gold (Au) bumps and
copper (Cu) terminals in the test flip chip, as shown in Fig. 6.
Electrical disconnection was assumed to be caused by a me-
chanical failure. The Cu terminals were plated with Ni and Au.
The test flip chip had 184 bumps with a pitch of 200 m, a sub-
strate with a thickness of 0.8 mm and Cu terminals with a thick-
ness of 20 m on the substrate.
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TABLE IV
NUMBER OF DISCONNECTED FLIP CHIPS AFTER
MOISTURE/REFLOW SENSITIVITY TEST
First the test flip chip was baked at 125 C for 24 h, then ex-
posed to an atmosphere of 85 C/85%RH relative humidity
for 168 h, during which moisture absorption was measured with
a balance, and it was finally heated in a thermostatic oven at
240 C for 40 s to simulate the solder reflow process. After the
heating process, the electric resistance of a daisy-chain circuit
on the test flip chip was measured to detect any disconnection of
the ACF interconnections. All disconnected specimens showed
infinitely large resistance.
Table IV shows the number of disconnected test flip chips
after the moisture/reflow sensitivity tests. Obviously ACF(B)
showed the highest durability against the moisture/reflow sen-
sitivity tests, and ACF(A) showed the lowest durability. These
findings are related to the facts that ACF(B) had the highest min-
imum-delamination toughness and that ACF(A) had the lowest
minimum-delamination toughness, as shown in Table IV. The
test flip chips that did not fail during the first heating process
did not fail in the second and third heating processes either.
It is expected that the vapor pressure during the solder reflow
process caused the disconnection of the ACF interconnection.
The test flip chip was dried during the first heating process, and
the vapor pressures during the second and third heating pro-
cesses were supposed to be less than that during the first heating
process. So failure could have occurred only in the first heating
process. Fig. 7 shows the microphotographs of the test flip chips
after moisture/reflow sensitivity tests for ACF(A) and ACF(C).
The delamination was observed at the interface between the
Au bump/Al pattern and the ACF for ACF(A). In the case of
ACF(C), the delamination occurred at the interface between the
Cu terminal/substrate and the ACF. Such delamination causes
electrical disconnection.
IV. ESTIMATION OF DELAMINATION IN THE FLIP CHIP
DURING THE SOLDER REFLOW PROCESS
A. Estimation of Vapor Pressure in Flip Chip During Solder
Reflow Process
The diffusion coefficients and Henry’s law coefficients of the
ACF and the substrate were determined for a diffusion analysis
of the moisture absorption of the test flip chip, the results of
which were utilized to calculate the vapor pressure in the test
flip chip during the solder reflow process. Rectangular thin plate
specimens of the ACF and the substrate were employed for this
purpose, because one-dimensional (1–D) diffusion along the
plate thickness can be assumed. The Henry’s law coefficients
Fig. 7. Microphotograph of test flip chip after moisture/reflow sensitivity test.
(a) ACF(A). (b) ACF(C).
of the ACF and the substrate were calculated with the following
equation, using a saturated moisture concentration:
(9)
where is the moisture concentration, is the relative humidity,
is Henry’s law coefficient, and is the saturated vapor
pressure. The diffusion coefficients of the ACF and the substrate
were determined by comparing the curve of experimentally de-
termined weight gain of the test specimen versus time with the
solution of the 1-D diffusion equation given by [24]
(10)
where is the diffusion coefficient, is the saturated mois-
ture concentration, is the distance of the 1-D diffusion di-
rection, and is the thickness of the specimen. The Henry’s
law coefficients and diffusion coefficients of the ACFs and the
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TABLE V
HENRY’S LAW COEFFICIENTS AND DIFFUSION
COEFFICIENTS OF ACFS AND SUBSTRATE
Fig. 8. Arrehnius plots of Henry’s law coefficient and diffusion coefficient.
(a) Henry’s law coefficient. (b) Diffusion coefficient.
substrate obtained by the above-mentioned method are summa-
rized in Table V for several environmental conditions. Arrehnius
plots of Henry’s law coefficient and the diffusion coefficient
are shown in Fig. 8. The following equations were fitted to
TABLE VI
VARIATION OF ACTIVATION ENERGIES AND PRE-EXPONENTIAL FACTORS
Fig. 9. Weight gains of test flip chips with moisture absorption time.
the obtained coefficients using the least square approximation
as shown in Fig. 8:
(11)
where and are empirical constants, and
are the activation energies, is the universal gas constant
(8.314 J/mol K), and is the absolute temperature (K). The
pre-exponential factors and activation energies of the respective
materials are shown in Table VI.
Three-dimensional (3–D) diffusion analyses of the test flip
chips were performed using a finite element computer code
(MARC) to obtain the moisture concentration of the test flip
chip package. The temperature and the relative humidity around
the test flip chip were 85 C and 85%RH, respectively. The
weight gains obtained from the 3-D diffusion analyses agreed
well with those obtained from the moisture absorption tests,
as shown in Fig. 9, and the reliability of the 3-D diffusion
analyses was verified. The figure shows that the test flip chips
reached a saturated moisture absorption condition after three
days. No large difference was found among the test flip chips
interconnected by the ACF(A), ACF(B), and ACF(C). This is
because almost all of the moisture was stored in the substrate,
because the substrate had a very large volume compared with
the ACF. As mentioned below, the failure of the test flip chip
was induced by the vaporization of the moisture absorbed in the
ACF. It should be noted that the durability of the flip chip inter-
connected by the ACF against the moisture/reflow sensitivity
IKEDA et al.: EVALUATION OF THE DELAMINATION IN A FLIP CHIP 557
Fig. 10. Expected vapor pressure in test flip chip during the reflow process.
test was affected by the moisture absorption characteristics of
the ACF.
A fine gap such as delamination or a crack was assumed to
exist at the interface between the ACF and the Au bump or
the Cu terminal. Then an equilibrium condition expressed by
Henry’s law could be assumed to hold between the vapor pres-
sure in the gap and the moisture concentration in the ACF. The
vapor pressure in the gap during the solder reflow process was




where is the maximum moisture concentration, C is
the reflow temperature, is the saturated vapor pressure, and
is the predicted vapor pressure in the gap. Fig. 10 shows
the predicted vapor pressure during the solder reflow process in
the gap between the ACF and the Au bump or the Cu terminal
located at the corner of the test flip chip, at which the moisture
concentration was at its maximum in the diffusion analysis.
B. Estimation of Delamination of the Flip Chip During Solder
Reflow Process
At the solder reflow temperature of 240 C, a small compres-
sive stress or tensile stress was expected to act on the ACF layer
between the Au bump and the Cu terminal. It is also reasonable
to consider that the interface between the ACF and the bump or
the terminal could be delaminated even by a small amount of
vapor pressure at the reflow temperature, because the adhesive
strength between the epoxy resin, the matrix resin of the ACFs,
and the gold, the noble metal used for the bumps and plating on
the Cu terminals, was very small. Accordingly we assumed that
the interface between the ACF and the Au bump or the Cu ter-
minal was completely delaminated when estimating the delam-
ination of the test flip chip during the solder reflow process. The
vapor pressure acted on the gap generated by the delamination
between the ACF and the bump or the terminal. We considered
a penny-shaped crack with the same size as the Au bump or the
Fig. 11. Assumption of penny-shaped crack used in this study.
Fig. 12. Penny-shaped crack between dissimilar materials.
Cu terminal at the interface between the ACF and the Si chip,
the ACF and the Al pattern, or the ACF and the substrate, as
shown in Fig. 11.
Furthermore, to predict the crack propagation caused by
the vapor pressure, we used the stress intensity factors of a
penny-shaped crack between dissimilar materials subjected
to uniform tension applied to its crack surface, as shown in
Fig. 12. The stress intensity factors and were given by
Kassir and Bregman [25], as follows:
(13)
where is the uniform tension applied to the crack surface, is
the radius of a penny-shaped crack, is the gamma function,
and . The bielastic constant is given in terms of the
shear moduli and Poisson’s ratios ( 1,2) of the materials
1 and 2 by
(14)
We calculated the stress intensity factors of a penny-shaped
crack at the interface between the ACF and the Si chip (or the Al
pattern or the substrate) from (13) and (14) when vapor pressure
was applied to the crack surface. In this case, the penny-shaped
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Fig. 13. Comparison between the delamination toughness and the stress
intensity factors during the reflow process after the moisture absorption test
(K ; Total stress intensity factors caused by vapor pressure in a penny-shaped
crack,K ; Delamination toughness measured by delamination test at 240 C).
(a) ACF(A). (b) ACF(B). (c) ACF(C).
crack was the same size 50 m as the gold bump and the
Cu terminal. Fig. 13 shows the comparison between the stress
intensity factor caused by the predicted vapor pressure
during the solder reflow process and the delamination tough-
ness measured by the delamination test using the opening
delamination specimen at 240 C. It is found from the figure
that the values of the stress intensity factor are almost the
same for any combinations of materials 1 and 2.
The results of ACF(A) show that the stress intensity factors
of the interface crack between the ACF and the Si chip and be-
tween the ACF and the substrate caused by the vapor pressure
during the solder reflow process were lower than the delamina-
tion toughness at 240 C. On the other hand, the stress intensity
factor of the interface crack between the ACF and the Al pat-
tern caused by the vapor pressure was slightly higher than the
delamination toughness at 240 C. Consequently, the delamina-
tion in the test flip chip interconnected by ACF(A) was expected
to propagate along the interface between the ACF and the Al pat-
tern from the bottom of the Au bump due to the vapor pressure
during the solder reflow process after moisture absorption. Once
the interface between the ACF and the Al pattern was delami-
nated, the delamination propagated along the interface between
the ACF and the Si chip until the vapor pressure was released
from the test flip chip.
In the case of system B interconnected by ACF(B), the values
of the delamination toughness for all the jointed interfaces were
higher than the stress intensity factors caused by the vapor pres-
sure during the reflow process. So, it is likely that ACF(B) was
not delaminated. In other words, an initial delamination larger
than the bump radius is required for the propagation of the de-
lamination. If we assume that system B had a penny-shaped
crack with a radius of 120 m at the interface between the ACF
and the Al pattern, the total stress intensity factor due to the
vapor pressure was almost the same as the delamination tough-
ness of the interface crack between the ACF and the Al pat-
tern. Therefore, we could presume that the disconnected test
flip chips of the system B shown in Table IV had a delamina-
tion or void equivalent to a penny-shaped crack with a radius
of 120 m at the interface between the ACF and the Al pattern.
Similarly, if we presume that the test flip chip of ACF(C) had
a penny-shaped crack with a radius of 100 m at the interface
between the ACF and the substrate around the copper terminal,
the delamination condition would be satisfied. The results pre-
dicted by the quantitative estimation method presented in this
study can explain the results of the moisture/reflow sensitivity
tests shown in Table IV.
V. CONCLUSION
To estimate the moisture/reflow delamination of a flip chip
interconnected by an ACF, we performed moisture/reflow
sensitivity tests on test flip chips, conducted moisture diffusion
analyses, and performed tests to measure the delamination
toughness of ACF joints. The conclusions of the present study
are as follows.
1) We can evaluate the delamination strength of ACF joints
by using the delamination toughness defined by the total
stress intensity factor of an interface crack between dis-
similar materials at the onset of delamination. Such de-
lamination toughness can be utilized in the practical de-
sign of electronic packaging.
2) We can estimate the vapor pressure of a flip chip during
the solder reflow process after moisture absorption by a
moisture diffusion analysis of the flip chip.
3) The moisture/reflow sensitivity tests of test flip chips
show that a large scale of delamination occurs, resulting
in electric disconnection, when the stress intensity factor
caused by the vapor pressure during the reflow process
after moisture absorption exceeds the fracture toughness
of the ACF joint. Such a method can be applied to prevent
the delamimation of ACF joints in electronic packaging.
4) The ACF is a viscoelastic material around , and is a
viscoplastic material at high temperatures. However, in
this study we only took account of the temperature de-
pendence of the elastic properties of the ACF because the
heating rate is very high in the case of the solder reflow
process, and it is kept at the reflow temperature for only
40 s. In this short period, the deformation is dominated
relatively more by elasticity than viscosity. Moreover, the
ACF layer is very thin, and this layer is constrained by the
Si chip and the substrate. Therefore, the effect of viscosity
is relatively small on the opening of a crack by vapor pres-
sure. If we consider the shear deformation of the ACF due
to thermal stress, the viscosity of the ACF must be taken
into account.
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